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of New Jersey–Robert Wood Johnson Medical School, New Brunswick
Direct polymerase chain reaction (PCR) detection of insertion/deletion (indel) polymorphisms requires sample
homozygosity. For the indel polymorphisms that have the deletion allele with a relatively low frequency in the
autosomal regions, direct PCR detection becomes difficult or impossible. The present study is, to our knowledge,
the first designed to directly detect indel polymorphisms in a human autosomal region (i.e., the immunoglobulin
VH region), through use of single haploid sperm cells as subjects. Unique marker sequences ( ), spaced atnp 32
∼5-kb intervals, were selected near the 3′ end of the VH region. A two-round multiplex PCR protocol was used to
amplify these sequences from single sperm samples from nine unrelated healthy donors. The parental haplotypes
of the donors were determined by examining the presence or absence of these markers. Seven clustered markers in
6 of the 18 haplotypes were missing and likely represented a 35–40-kb indel polymorphism. The genotypes of the
donors, with respect to this polymorphism, perfectly matched the expectation under Hardy-Weinberg equilibrium.
Three VH gene segments, of which two are functional, are affected by this polymorphism. According to these results,
110% of individuals in the human population may not have these gene segments in their genome, and ∼44% may
have only one copy of these gene segments. The biological impact of this polymorphism would be very interesting
to study. The approach used in the present study could be applied to understand the physical structure and diversity
of all other autosomal regions.
Introduction
Because of the diploidy of the human autosomes, direct
detection of insertion/deletion (indel) polymorphisms by
PCR amplification requires the presence of the deletion
allele in a homozygous state. When the deletion allele
frequency is relatively low, homozygous individuals in
the human population become very rare. For example,
if the allele frequency is 0.2, which is relatively common,
then only 1 homozygous individual can be found among
25 individuals. If the allele frequency is 0.01, then
10,000 individuals need to be examined in order to find
one homozygous individual. In these cases, it becomes
difficult or impossible to detect indel polymorphisms on
the autosomes. In the present study, we describe a
method that can be used to directly detect indel poly-
morphism on the autosomes. The method uses single
haploid sperm cells and DNA sequence markers of a
high density (5 kb each). Amplification by PCR with
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multiple sperm for each parental haplotype in each do-
nor allowed us to detect an indel polymorphism without
ambiguity. The strength of the analysis was enhanced by
the use of markers of a high density, since, in the hap-
lotype with the deletion allele, absent markers were
found in a cluster that could be clearly distinguished
from markers that were not amplified successfully by
PCR. The method was used to detect the indel poly-
morphisms in the human immunoglobulin VH region. It
may also be used for detecting indel polymorphisms in
any other regions of the human genome.
During the vertebrate immune response, immuno-
globulin and T cell receptors play a key role in antigen
recognition. The basic unit of an immunoglobulin or
antibody molecule (Ig) consists of two light chains (L)
and two heavy chains (H). The light chains are encoded
by two independent gene loci—namely, Igk and Igl gene
complexes. The heavy chains are encoded by the IgH
gene complex, located on chromosome 14 (Croce et al.
1979). The amino terminal end of each chain is called
the “variable” (V) region, because of its diverse amino
acid sequence, and it is responsible for interaction with
a wide spectrum of antigens. The V region of an IgH
molecule is encoded by three gene segments: variable
(VH), diversity (D), and joining (JH). The carboxyl ter-
minal end of each chain is called the constant (C) region,
because of its conserved sequence. In the germline con-
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figuration, each of these gene segments is present in
multiple copies. The nucleotide sequences of the copies
for each gene segment differ from each other, although
some may share a high degree of sequence identity. Gen-
eration of Ig genes from various combinations of gene
segments is one of the major mechanisms underlying
antibody diversity.
Although human VH gene segments have been
mapped to three chromosomes—14q32.3, 15q11, and
16p11 (Croce et al. 1979; Cox et al. 1982; Kirsch et
al. 1982; Cherif and Berger 1990; Nagaoka et al. 1994;
Tomlinson et al. 1994)—only the segments on chro-
mosome 14 are expressed. VH sequences in each family
share 180% identity (Lee et al. 1987; Schroeder et al.
1987; Berman et al. 1988; Buluwela and Rabbitts 1988;
Humphries et al. 1988; Tomlinson et al. 1992; Willems
van Dijk et al. 1993). Many studies suggest that the VH
region is highly diversified in gene segment number and
composition (Chen and Yang 1990; Shin et al. 1991;
Sasso et al. 1992, 1993, 1995; Rubinstein et al. 1993;
Walter et al. 1993; Milner et al. 1995; Cui and Li 1997,
1998). Further diversity is achieved by the allelic vari-
ation in VH and intergenic sequences (Souroujon et al.
1989; Willems van Dijk et al. 1989, 1991; Guillaume
et al. 1990; Sasso et al. 1990; Walter et al. 1990; Ru-
binstein et al. 1993).
Efforts have been made to obtain an overview of the
physical structure of the VH region. Matsuda et al.
(1993) constructed a physical map of the 3′ 0.8-Mb
region of the human VH locus, with 64 segments iden-
tified in the mapped region. The general organization
of the VH segments indicated recent dynamic reshuffling
of the VH locus. By determining the VH gene segment
organization in the most 3′ end of the VH locus and by
integrating the map information from Matsuda et al.
(1993) and other data (Shin et al. 1991; Tomlinson et
al. 1992), Cook et al. (1994) constructed a composite
map for the entire VH locus. The map contained 87 VH
segments, of which 46 were functional. The VH seg-
ments were classified into seven different families (VH1–
VH7). Recently, the complete nucleotide sequence of the
957 kb of DNA of the VH region on chromosome
14q32.3 was determined by Matsuda et al. (1998). Re-
sults from analysis of the sequence indicate that the VH
region contains 123 gene segments, of which 79 are
pseudogenes. Of the 44 VH segments with ORFs, 39 are
expressed as heavy-chain proteins and 1 is expressed as
mRNA, whereas the remaining 4 are not found in Ig
cDNAs. Matsuda et al. (1998) also observed that the
promoter and recombination signal sequences were
more conserved in functional VH segments than in pseu-
dogenes. The existence of many VH pseudogenes is in-
dicative of the fact that frequent gene conversions took
place during the evolution of the VH locus (Haino et al.
1994).
The presence of a large number of polymorphisms in
the VH region is indicated by a number of studies (Mat-
thyssens and Rabbitts 1980; Brodeur and Riblet 1984;
Turnbull et al. 1987; Walter et al. 1987; Pincus 1988;
Sam et al. 1988; Walter and Cox 1988, 1991; Willems
van Dijk et al. 1989, 1991, 1993; Guillaume et al. 1990;
Sasso et al. 1990; Weng et al. 1992; Adderson et al.
1993). Shin et al. (1991) compared the VH segments and
restriction map in the 3′ portion of the VH region in a
clone from a YAC library with those in the clones from
a cosmid library, constructed from different genomic
DNA. It was shown that one of the haplotypes contained
a VH segment, 1-4.1b, that was not present in the other
haplotype. Indel polymorphisms were also observed in a
300–370-kb region immediately 5′ to the region analyzed
by Shin et al. (1991). Results from our laboratory indi-
cated that this region was completely missing in one hap-
lotype (Cui and Li 1998). A deletion/duplication poly-
morphism involving two gene segments, 3-30 and 4-28,
was also found in this region (Chen andYang 1990; Yang
et al. 1990; Sasso et al. 1992). The duplicates in this
polymorphic region were shown to be in a tandem array,
with numbers varying among individuals. Each human
may have as many as three duplicates (Sasso et al. 1992).
In some haplotypes, this duplicated region may contain
a pseudogene, 3-29p, whereas this gene segment is miss-
ing in others (Milner et al. 1995). The 5′ end of this region
contains an indel polymorphism involving two VH3 and
three VH4 gene segments with a length of ∼60–65 kb
(Walter et al. 1993). Approximately 60 kb downstream
of this polymorphism, a VH3 gene segment, 3-23, was
found duplicated, with the number of duplications vary-
ing among the subjects (Rubinstein et al. 1993; Sasso et
al. 1995).
Before our recent study (Cui and Li 1998), very little
was known about the degree of diversification for the
5′ part of the VH region. This region occupies ∼210 kb
and contains ∼20–22 VH segments. This region was left
unmapped in the first detailed map for the VH region
(Matsuda et al. 1993), presumably because of the high
degree of diversity. We showed that among the seven
VH loci included in our analysis in this region, five con-
tained null alleles (Cui and Li 1998). Sasso et al. (1993)
showed that a VH1 gene segment, 1-69, located ∼120
kb from the most 5′ end of the VH region, was present
in a very complicated fashion. This gene segment may
have been duplicated into two loci and may contain 13
alleles with minor differences.
Although significant progress has been made in the
study of VH region diversity, it has been difficult to ob-
tain precise information about the extent of the diver-
sity, simply because the basic units carrying the genetic
information are single chromosomes but human so-
matic cells are diploid. DNA extracted from somatic
cells, as the primary material for studying VH region
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Figure 1 Relative locations of the 32 sequence markers (short vertical lines), the indel polymorphism (boxed with solid lines) and the
affected VH gene segments (arrows above gene segment names). Marker 68 (boxed with dashed lines) was excluded from the study, because of
its poor amplification efficiency.
diversity, is a mixture of two sets of homologous chro-
mosomes. Our laboratory has been developing ap-
proaches to address this issue through the use of single
sperm cells. Since sperm are haploid and each sperm
contains only one set of chromosomes, VH regions on
individual chromosomes can be studied by analyzing
single sperm. In our initial effort (Cui and Li 1997), we
showed our ability to amplify the VH4 sequences from
single sperm through use of family-specific PCR prim-
ers. The method was used to determine the parental
haplotypes of 13 donors and to distinguish allelic and
interlocus differences among the human VH4 gene fam-
ily sequences. Four of 10 loci were found to contain
null alleles that otherwise would have been undetecta-
ble, if diploid materials had been used. Through use of
family-specific primers and DNA fragments, which are
prepared by lysing single sperm and by aliquoting the
sperm lysate (Cui and Li 1998), we were able to deter-
mine the gene organization of the VH1 and VH4 se-
quences in the parental haplotypes of a sperm donor.
By comparing our haplotype maps and the composite
map by Cook et al. (1994), we found that the VH region
on chromosome 14 could be subdivided into four por-
tions. The numbers and compositions of the VH gene
segments differed considerably among the maps in two
subregions but were highly conserved in the other two.
Success in this study demonstrated that high-resolution
haplotype maps could be constructed without the help
of molecular cloning. The present study, to our knowl-
edge, is the first to identify indel polymorphisms by
comparing a panel of selected marker sequences in the
haplotypes of single sperm. A region of ∼200 kb near
the 3′ end of the VH region was covered in the study.
Material and Methods
Marker Sequence Selection
The sequence under GenBank accession number
AB019440 (Matsuda et al. 1998) was used to select
marker sequences for the present study. This sequence
is ∼200 kb in length and is next to the 3′ end of the VH
region. Thirty-three unique sequences, spaced at ∼5-kb
intervals, were chosen from the intergenic regions and
were used as marker sequences (fig. 1). The uniqueness
of these marker sequences was confirmed by subjecting
these sequences to the BLAST search program. Marker
sequences were designated as 15, 20, 27, 165, and so
on, on the basis of their positions from the 5′ end of
AB019440.
Design of PCR Primers
For each marker sequence, forward (F) and reverse
(R) primers were designed. A nested (N) primer internal
to the F primer was also designed for each marker se-
quence (see the authors’ Web site for the primer se-
quences). The primer lengths were 20–26 bases. For each
marker, sequences of the F and R primers did not match
any sequence other than their target sequences; the same
was true for the N and R primers. In addition to the
specific sequences, each R primer also contained a 5′
universal “tail” sequence (5′-CCCCGCCGCCGCCGC-
CGCCC-3′). Primers for each marker locus were tested
separately, in a pairwise fashion (i.e., F vs. R and N vs.
R), to ensure that they could generate a PCR product
with good yield and specificity. Primers that did not meet
this requirement were replaced, until all primers met the
requirement. A two-round multiplex PCR protocol,
which was a modification of the protocol described by
Lin et al. (1996), was used for marker sequence ampli-
fication. All the optimization experiments related tomul-
tiplex PCR were performed with human genomic DNA
before amplification of the sequences from single sperm.
Single Sperm Sample Preparation
Semen samples used in the present study were the
remainder of the specimens used for in vitro fertilization
and infertility tests from nine unrelated healthy white
donors. Specimens used for infertility tests had sperm
counts in the normal range. For each donor, 100 ml of
semen was washed with 500 ml of H2O and was passed
through a 15-mm mesh. It was then centrifuged at 3,000
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rpm for 4 min in an Eppendorf centrifuge (5417C). This
process was repeated twice. Sperm were then suspended
in 200 ml of water. The suspension was mixed with 200
ml of 70% sucrose.
To fix and stain sperm for flow sorting, we transferred
the sperm samples from the above suspension to a 15-
ml Falcon tube, and the samples were washed with 1
ml of PBS twice. Centrifugation was performed at 1,200
rpm for 5 min in a Beckman centrifuge. The pellet was
suspended in 200 ml of PBS, and 70% ethanol was added
to it during vortexing. The suspension was incubated on
ice for 20 min and was cetrifuged as described above.
The pellet was resuspended in 200 ml of PBS containing
0.3% Triton-X-100. The volume was made up to 2 ml
with PBS, followed by addition of 20 ml of propidium
iodide (1 mg/ml). The sample was stored at 4C until
further analysis.
Single sperm were sorted, with a fluorescence-acti-
vated cell sorter (Beckman Coulter), into the wells of a
96-well V-bottom plate. Each well contained 5 ml of lysis
buffer (50 mM dithiothreitol and 200 mM KOH) (Cui
et al. 1989). One row in the V-bottom plate was kept
empty, to be used later as negative controls. Sperm were
lysed by incubating at 65C for 10 min. After lysis, 5 ml
of neutralization buffer (200 mM HCl, 900 mM Tris-
HCl [pH 8.3], and 300 mM KCl) was added to each
incubated sample. For each donor but D17, 42 sperm
were analyzed. Thirty-six sperm were analyzed for do-
nor D17.
Multiplex PCR Amplification
In the first round, all 33 pairs of F and R primers were
used to amplify their target sequences in single sperm.
Amplification with the R primers resulted in the attach-
ment of the universal tail onto all target sequences. Each
sample contained 1# PCR buffer (50 mM KCl, 100
mM Tris-HCl [pH 8.3], 1.5 mM MgCl2, and 100 mg/ml
gelatin), four dNTPs (50 mM each) (Invitrogen), F and
R primers (50 nM each), and 1.2 U of HotStar TaqDNA
polymerase (Qiagen). The final volume for each reaction
was 50 ml. The samples were first heated to 94C for 15
min, to activate the Taq DNA polymerase, followed by
40 PCR cycles. Each PCR cycle consisted of 40 s at 94C
for denaturation and 2 min at 55C, followed by 5 min
of ramping from 55C to 70C, for annealing and ex-
tension. A final extension was performed at 72C for 3
min at the end of the 40th cycle. All PCR amplifications
were performed with the Biometra T3 Thermocycler.
In the second round, 33 marker sequences were sub-
divided into three groups (groups 1, 2, and 3). Group
1 included eight markers—68, 74, 84, 94, 139, 165, 175,
and 190—whereas group 2 included nine: 27, 52, 56,
63, 89, 120, 144, 180, and 185. The remaining 16mark-
ers were placed in group 3, which included 15, 20, 33,
40, 46, 79, 102, 108, 114, 128, 134, 149, 155, 160,
169, and 195. Three small aliquots (1 ml) from the first-
round PCR products were reamplified separately with
the primers for these three groups. The F primers used
in the first round were replaced by their respective N
primers (50 nM each), and all R primers were replaced
by a universal primer (0.1 mM) that was identical to the
universal tail on the R primers. Each sample also con-
tained 1# PCR buffer (same as above), four dNTPs (100
mM each), and 1.2 U of Taq DNA polymerase with a
final volume of 30 ml. The same cycling conditions used
in the first round were used, except for the ramping step,
which was 3 min instead of 5 min, and the number of
cycles, which was reduced from 40 to 25. In addition,
for the group 3 primers, the annealing step was 60C
for 2 min, followed by 3 min of ramping to 70C.
Separation of PCR Products by PAGE
PCR products amplified in the second round were re-
solved in 8% polyacrylamide minigels. DNA bands in
the gels were visualized under UV illumination after
staining with ethidium bromide or SYBR (Molecular
Probes). Amplified fragments for group 1 were 105–163
bp, whereas those for groups 2 and 3 were 100–189 bp
and 119–193 bp, respectively. One locus (68) was not
amplified well in the multiplex PCR format in the initial
study and was excluded from the later analyses.
Results
Determination of Haplotypes of Individual Sperm
from Nine Donors
Sperm were purified from semen samples and were
fixed and stained with propidium iodide, for fluores-
cence-activated cell sorting. Single sperm were sorted
into 96-well microtiter plates with V bottoms. For each
plate, the wells in one row were kept empty and were
used as negative controls. After lysis and neutralization,
the 32 marker sequences were amplified simultaneously,
from single sperm, with a two-round multiplex PCR
protocol. In the first round, F and R primers for all 32
markers were used. Amplification with the R primers
attached the universal tail sequence to all the amplified
products. The lengthy annealing-extension step coupled
with ramping helped all the primers with different melt-
ing temperatures to anneal to their respective target se-
quences and to be well extended. In the second round,
the markers were amplified in three groups, with 74, 84,
94, 139, 165, 175, and 190 (seven markers) in group
1; 27, 52, 56, 63, 89, 120, 144, 180, and 185 (nine
markers) in group 2; and 15, 20, 33, 40, 46, 79, 102,
108, 114, 128, 134, 149, 155, 160, 169, and 195 (16
markers) in group 3. The amplification was achieved by
reamplifying three small aliquots (1 ml each) of the first-
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Figure 2 Results from the analysis of two sperm with the insertion () haplotype and two with the deletion () haplotype. The three
groups of primers used in the second round are indicated. M1, M2, and M3-1/M3-2 are mixtures of PCR products amplified with a single pair
of primers that belong to the three groups. M is pBR322 DNA digested with MspI and is used as a molecular size marker. Missing bands are
indicated with arrows.
round PCR products with the respective primers for each
group. In the second round, all the F primers were re-
placed by their respective N primers. N primers were
internal and in the same direction with respect to the F
primers, to enhance the amplification yield and effi-
ciency. All the R primers were replaced by a universal
primer whose sequence was identical to the universal tail
at the 5′ ends of the R primers. The final PCR products
were resolved in 8% polyacrylamide minigels. Some of
the results are shown in figure 2.
Haplotypes Identified among the Nine Donors
Each sperm was scored for the presence or absence of
bands corresponding to all 32 marker sequences. On the
basis of the banding patterns (fig. 2), the majority of the
sperm could be assigned to two groups. One group had
sperm with all the expected bands, and the other group
had sperm with all but seven bands. These seven bands
represented markers 120, 128, 134, 139, 144, 149, and
155, which were clustered. It is very likely that they
represented an indel polymorphism that was 35–40 kb
in size. Table 1 shows the banding patterns of sperm
from one individual, AB027. As shown in table 1, the
majority of the single sperm fell into two categories.
Within each of these two categories, a few sperm had
banding patterns slightly different from the typical ones.
These included some sperm with one or very few bands
that were not amplified, presumably because of incom-
plete lysis or amplification failure. Six sperm had one of
the seven polymorphic bands amplified, but not the
other six. It is likely that this could be due to a low level
of contamination. Therefore, these sperm were placed
into the group with the deletion haplotype. No bands
were amplified from the other six sperm that were placed
in a separate group.
Confirmation of the Presence of the Deletion
Haplotype
To further confirm the absence of the seven bands,
aliquots of the first-round PCR products from a number
of single sperm with the missing bands were reamplified
separately with the universal primer and single N prim-
ers. A few sperm with the insertion haplotype were also
included, as positive controls. These experiments were
performed for donors AC11, AB027, D17, AB012, and
AC09. No bands that were undetectable with multiplex
PCR could be detected from the amplification with a
single pair of primers.
Two-marker PCR was performed for two sperm from
donor AB027 with both haplotypes. The so-called “two-
marker PCR” was a PCR with one marker in the poly-
morphic region and another outside the region. PCR
products from two sperm were used for the test. One of
the two sperm had the deletion haplotype, and the other
had the insertion haplotype. Marker 94, which was out-
side the deletion region, was used as the positive marker
of the two markers, and one of the seven polymorphic
markers was used as the other marker. This experiment
was repeated with all seven polymorphic markers (fig.
3). Both markers could be amplified from the spermwith
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Figure 3 Two-marker PCR, with one marker (94) outside and
the other (one of the markers 128, 139, 155, 134, 149, 144 and 120)
inside the deletion region. The markers were amplified from one sperm
containing the insertion haplotype () and another sperm containing
the deletion haplotype (). M is pBR322 DNA digested with MspI
and is used as a molecular size marker.
the insertion haplotype; however, none of the seven poly-
morphic markers could be amplified from the spermwith
the deletion haplotype. Only the marker outside the de-
letion region could be amplified from this sperm.
A further confirmation was performed with the donor
AC09, both of whose haplotypes had the deletion. Two-
marker PCR was performed, starting from the first round
from six sperm. This experiment was also performed for
all seven polymorphic markers. Only the marker that was
outside the deletion region could be amplified, and none
of the seven loci that were within the deletion region could
be amplified.
Haplotypes of the Nine Donors
The derived haplotypes for the nine donors are sum-
marized in table 2. Of these nine individuals, four (D18,
D20, AB005, and 002) had spermwith only the insertion
haplotype, and another four (AC11, AB027, D17, and
AB012) had both insertion and deletion haplotypes. One
individual (AC09) had all sperm with the deletion hap-
lotype and was, therefore, homozygous for the deletion
haplotype. The ratio (2:1, insertion:deletion) of the two
haplotypes and the ratio (4:4:1) of the genotypes for
the nine individuals perfectly matched the expected ra-
tios, if one assumes that the haplotypes are in the Hardy-
Weinberg equilibrium.
Discussion
A large number of polymorphisms have been detected by
Southern analyses in the VH region (Turnbull et al. 1987;
Walter et al. 1987; Sam et al. 1988;Walter and Cox 1988;
Willems van Dijk et al. 1989, 1991, 1993; Guillaume et
al. 1990; Sasso et al. 1990; Weng et al. 1992; Adderson
et al. 1993). The polymorphic band accounted for a large
fraction (30%–88%) of the total hybridization bands.
These results cannot be explained by the polymorphisms
consisting of minor sequence variations, such as single-
base substitutions and small indels, because these types
of sequence variations rarely affect the restriction frag-
ments resolved by Southern analyses. Although the pres-
ence of relatively large indel polymorphisms in the human
Ig VH region have been implicated in many studies, it is
difficult to obtain precise information about the extent,
locations, and impact of these polymorphisms, since they
are mostly present in a heterozygous state and, so far,
most of the studies of the VH region have been performed
using diploid materials. The present study is, to our
knowledge, the first to show the ability to identify indel
polymorphisms by analysis of single sperm. Because single
sperm are haploid, homologous chromosomes of different
parental origins in each sperm donor can be studied sep-
arately, and complications with diploid materials can be
avoided. Through use of this method, we identified an
indel polymorphism with a precise size and location.
Three VH gene segments (1-8, 3-9, and 2-10P), of which
two (3-9 and 1-8) are functional, are affected by this indel
polymorphism (fig. 1). It would be very interesting to learn
the biological impact of this polymorphism, since ∼10%
of individuals in the human population would be ho-
mozygous for the deletion haplotype and 44% would
have only one copy of the two affected VH gene segments.
Because of the complications with diploid materials,
the identification of chromosomal deletions by PCR has
so far been used for the Y chromosome (Bor et al. 2001;
Yao et al. 2001; Peterlin et al. 2002), because all males
are haploid with respect to the Y chromosome, although
it shares a certain amount of sequence identity with the
X chromosome. In this case, an unlimited amount of
DNA from somatic cells can be used for the study. In
fact, in most of the studies, the amount (50–500 ng) of
genomic DNA used was relatively large. In the present
study, the subjects—that is, single sperm—contained
only one copy of the sequences that needed to be an-
alyzed. Our group has already developed a highly ef-
ficient multiplex PCR protocol that can be used to am-
plify a large number of loci that could be resolved either
by conventional PAGE or by denaturing gradient gel
electrophoresis (Lin et al. 1996; Cui and Li 1998; Cui
et al. 2000). Very recently, we showed that 10 inde-
pendent sequences may be amplified simultaneously
from single diploid cells (Cui et al. 2002). In the present
study, we used a subgrouping strategy in the second
round of amplification and successfully amplified 32
marker sequences from single sperm, compared with 5
or 6 in most studies with large amounts of DNA. Such
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a capacity and sensitivity allowed us to examine a region
with a high marker density. Further increases in marker
density may allow us not only to locate the borders of
the deletion but also to determine the sequences at these
borders. The results could be very informative for
understanding the mechanisms underlying VH region
diversity.
When studying indel polymorphisms by PCR, extra
precautions need to be taken. Conclusions cannot be
drawn unless real deletions and failures in PCR ampli-
fication can be confidently distinguished from each other.
In the present study, we confirmed our results by ream-
plifying the first-round PCR product with a single pair
of primers or with two pairs of primers, of which one
pair was used to amplify a sequence outside the deleted
region, as an internal positive control. To further confirm
the deletion, we reamplified sperm from a donor who
was homozygous for the deletion, through use of the two-
marker PCR protocol. All results were consistent with
those from the multiplex amplification. The indel poly-
morphism detected in the present study is further con-
firmed by the fact that the ratio of the sperm donor ge-
notypes perfectly matched the expectation based on
Hardy-Weinberg equilibrium. In fact, multiplex ampli-
fication itself is a powerful method for confirmation.
When a group of clustering markers is missing, it is a
strong indication of deletion, since the chance of failing
to amplify seven clustered yet independent markers
would be very, very low.
The ability to analyze indel polymorphisms could
have a significant impact on our understanding of hu-
man genome diversity. Many chromosomal regions,
such as gene complexes encoding Ig light chains, T cell
receptors, and human leukocyte antigen, may have a
structure similar to that of the VH region and therefore
may be analyzed by the method used in the present
study. The method may also be used to understand the
physical structure of the entire human genome. Al-
though the HumanGenome Project has been completed,
the extent of human genome diversity remains unclear.
Large or relatively large indel polymorphisms may be
abundant in the human genome, and at least a portion
of these polymorphisms may contain genes. On the one
hand, the affected genes would be completely missing
in the homozygous state of the deletion allele, and it
may have a significant physiological impact. On the
other hand, the hemizygous state of the deletion may
confer constitutional cancer susceptibility if some tumor
suppressor genes are located in the deleted regions, since
the only copy of the affected genes could be lost or
inactivated in some cells, by mechanisms such as mu-
tation or loss of heterozygosity.
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